Abstract Azadirachtin is a biorational insecticide commonly reported as selective to a range of beneficial insects. Nonetheless, only few studies have been carried out with pollinators, usually emphasizing the honeybee Apis mellifera and neglecting other important pollinator species such as the bumblebee Bombus terrestris. Here, lethal and sublethal effects of azadirachtin were studied on B. terrestris via oral exposure in the laboratory to bring out the potential risks of the compound to this important pollinator. The compound was tested at different concentrations above and below the maximum concentration that is used in the field (32 mg L . Microcolonies chronically exposed to azadirachtin via treated sugar water during 11 weeks in the laboratory exhibited a high mortality ranging from 32 to 100 % with a range of concentrations between 3.2 and 320 mg L -1 . Moreover, no reproduction was scored when concentrations were higher than 3.2 mg L -1
Abstract Azadirachtin is a biorational insecticide commonly reported as selective to a range of beneficial insects. Nonetheless, only few studies have been carried out with pollinators, usually emphasizing the honeybee Apis mellifera and neglecting other important pollinator species such as the bumblebee Bombus terrestris. Here, lethal and sublethal effects of azadirachtin were studied on B. terrestris via oral exposure in the laboratory to bring out the potential risks of the compound to this important pollinator. The compound was tested at different concentrations above and below the maximum concentration that is used in the field (32 mg L -1 ). As most important results, azadirachtin repelled bumblebee workers in a concentration-dependent manner. The median repellence concentration (RC 50 ) was estimated as 504 mg L -1
. Microcolonies chronically exposed to azadirachtin via treated sugar water during 11 weeks in the laboratory exhibited a high mortality ranging from 32 to 100 % with a range of concentrations between 3.2 and 320 mg L -1 . Moreover, no reproduction was scored when concentrations were higher than 3.2 mg L , azadirachtin significantly inhibited the egg-laying and, consequently, the production of drones during 6 weeks. Ovarian length decreased with the increase of the azadirachtin concentration. When azadirachtin was tested under an experimental setup in the laboratory where bumblebees need to forage for food, the sublethal effects were stronger as the numbers of drones were reduced already with a concentration of 0.64 mg L -1
. Besides, a negative correlation was found between the body mass of male offspring and azadirachtin concentration. In conclusion, our results as performed in the laboratory demonstrated that azadirachtin can affect B. terrestris with a range of sublethal effects. Taking into account that sublethal effects are as important as lethal effects for the development and survival of the colonies of B. terrestris, this study confirms the need to test compounds on their safety, especially when they have to perform complex tasks such as foraging. The
Introduction
Bees are crucial organisms for the ecology, stability and conservation of terrestrial ecosystems. They are also economically important providing a high valued pollination service for food production in agricultural systems (Klein et al. 2007; Gallai et al. 2009 ). Recently, a growing number of reports has given rise to global concern for the declining of bee populations (Goulson et al. 2008; Brown and Paxton 2009) . In the light of recent studies, many factors are attributed to bee declines encompassing parasites, diseases, habitat losses, climate changes and pesticides which have led to the development of a multifactorial hypothesis for the bee decline problem (Freitas et al. 2009; Van Engelsdorp and Meixner 2010) . However, no definitive consensus about the causes of bee decline has been established, but so far pesticides are considered a very important component due to their range of detrimental effects caused in insects (Brittain and Potts 2011) .
The use of pesticides has been the major approach in crop protection for decades (Metcalf 1980; Cooper and Dobson 2007) and many insecticide compounds with different modes of action are marketed every year (Lamberth et al. 2013) . Consequently, the concern regarding the risk of pesticide exposure to bee species has been increasing (Gill et al. 2012; Johnson et al. 2013 ). In addition, pesticides may cause a variety of sublethal effects such as impaired development, reproduction and behavior, which are as harmful as the lethal effect for the survival of colonies (Wu et al. 2011; Blacquiere et al. 2012; European Food Safety Authority 2012; Bryden et al. 2013; Smagghe et al. 2013) . Faced with potential risks of pesticides, a new challenge lies in the search for new compounds that are considered safer for the environment (Villaverde et al. 2014) . In this context, insecticides of natural origin, also called biorational insecticides or bioinsecticides, have received considerable acceptance (Cantrell et al. 2012) .
Currently, azadirachtin, a complex tetranortriterpenoid limonoid extracted from seeds of the Indian neem tree Azadirachta indica (Meliaceae) is one of the most prominent bioinsecticides available (Boeke et al. 2004 ). Because of its natural origin, low mammalian toxicity and fast degradation, the utilization of azadirachtin has been widely encouraged for crop protection (Isman 2006) . However, azadirachtin is known to possess strong biological properties as feeding deterrent and insect growth regulator (IGR) (Morgan 2009 ) which may call to assess the potential risks against beneficial arthropods, especially bees.
The bumblebee species Bombus terrestris is a wellknown pollinator of wild flowers and has also become economically important since it has been utilized for over decades in the commercial pollination of agricultural crops like tomato and strawberry (Velthuis and van Doorn 2006) . Until now, there is no study related to the effects of azadirachtin on bumblebees and the rare existing studies were exclusively carried out with Apis mellifera (Melathopoulos et al. 2000; Thompson et al. 2005) . In this sense, more information about the potential impairments of azadirachtin on bumblebees needs to be generated. This study recorded the lethal effect and sublethal effects of azadirachtin on feeding behavior, morphology, reproduction and foraging behavior of B. terrestris. First, bumblebees were exposed to azadirachtin at individual level in the laboratory where effects of food repellence were investigated. Second, microcolonies were exposed to the compound and we scored effects against bumblebee survival and nest reproduction. Third, we tested for risks when bumblebees needed to forage for their food in a behavior laboratory setup.
In the experiments, the compound was tested at different concentrations above and below the maximum concentration that is used in the field (32 mg L -1 ). We believe these results may help to better understand the potential risks of azadirachtin for bumblebees and bees in general.
Materials and methods

Insects
All bumblebees were obtained from a continuous massrearing (Biobest, Westerlo, Belgium) and maintained in a room at 30°C, 60 % of relative humidity (RH) and continuous darkness. The insects were fed with commercial sugar water (Biogluc, Biobest) and honeybee-collected pollen (Soc. Coop. Apihurdes, Pinofranqueado-Cáceres, Spain) as energy and protein source, respectively (Mommaerts et al. 2010 ).
Chemicals
Commercial formulations of azadirachtin (Insecticida Natural Neem, BioFlower, Tàrrega, Spain) and imidacloprid (Confidor 200 SL, Bayer CropScience, Machelen, Belgium) were used. Azadirachtin was tested in a series of concentrations above and below the maximum field recommended concentration (MFRC): 32 mg L -1 . Imidacloprid was added as positive control and tested at 0.02 mg L -1 because this concentration was reported to affect foraging behavior in bumblebees (Mommaerts et al. 2010) . All insecticide solutions were prepared using commercial sugar water (Biogluc) as used in the colony rearing.
Repellence bioassay with individual workers A laboratory bioassay was performed to assess the repellent effect of azadirachtin on bumblebee workers via treated sugar water. Prior to exposure, workers were randomly collected from four queen-right colonies of B. terrestris and starved for 2 h in a plastic box (15 9 15 9 10 cm). The selected workers were individually exposed to 5 lL of azadirachtin-treated sugar water inside a glass tube (2 cm diameter 9 10 cm length). The 5 lL-drop of treated sugar water was placed on the bottom of each glass tube maintained in a horizontal position. A light source was provided at the bottom of the glass tubes to attract the workers nearby to the treated solution. The tubes were closed with a Styrofoam cork and the exposure was maintained for 5 min. After this period, azadirachtin-exposed workers were placed in clean glass tubes with 5 lL of untreated sugar water during 5 min in the same way as described above. Bees were considered repelled when they did not or only partially fed on the treated sugar water drop and subsequently fed on the untreated sugar water. Bees that rejected both the treated and subsequently the untreated sugar water were not considered properly starved and did not enter as data. Five concentrations of azadirachtin (32, 160, 320, 640 and 1600 mg L -1 ) were used; plain sugar water was used as control treatment. A total of 80 bees was used per concentration; i.e. 20 bees from each queen-right colony. The average repellence among the bees of given queen-right colony was considered as a replicate. The experiment was carried out in a red-lightened room at 30°C temperature and 60 % RH.
Chronic bioassay with microcolonies not including foraging behavior A laboratory bioassay was carried out to quantify the lethal effect and reproduction fitness of bumblebee's microcolonies under chronic oral exposure. The microcolonies were made by placing five newly-emerged workers into an artificial plastic nest box (15 9 15 9 10 cm). The microcolonies were fed with plain sugar water via a container of 500 mL under the nest box and pollen inside the nest (Mommaerts et al. 2010) . After 1 week one worker bumblebee became dominant and started to lay unfertilized eggs that produce only male offspring (Michener 1974) .
Immediately after the 1-week period, the workers were orally exposed to a range of azadirachtin concentrations via treated sugar water that was placed in a container (500 mL) beneath the artificial nests. Azadirachtin was diluted at 320, 64, 32, 16, 6.4 and 3.2 mg L -1 , corresponding to 10/1, 2/1, 1/1, 1/2, 1/5 and 1/10 times of the MFRC. The exposure lasted 11 weeks. Plain sugar water was used as control treatment. Imidacloprid was used at 0.02 mg L -1 (Mommaerts et al. 2010) . Pollen was replaced twice a week. Eight artificial nests with five workers were used per treatment.
The mortality was assessed every two days and used to estimate survival curves. The sublethal effect on reproduction was monitored on a weekly basis by counting the number of emerged drones. The body mass of the male progeny was also scored as a measure of sublethal effect. The amount of the consumed sugar water was followed by weighting the containers every week; the impact of evaporation was subtracted from the weight loss by assessing the weight of sugar water containers coupled with artificial nests without workers that were placed in parallel with the bioassay under the same environmental conditions.
To verify the effect of azadirachtin on the ovarian development, a dominant worker from each concentration of 0.0, 3.2, 6.4, 16, 32 and 64 mg L -1 was taken in microcolonies with at least four individuals at 45 days after the beginning of the exposure. The ovaries were dissected in a phosphate buffer solution, photographed and measured using the software Image Pro Plus TM (www.mediacy.com/ index.aspx?page=IPP, MediaCybernetics, Bethesda, MD). The dominant worker was chosen based on the threatening behavior and overt aggression described for bumblebees (van Honk et al. 1981; van Doom and Heringa 1986) .
Chronic bioassay with microcolonies including foraging behavior A laboratory bioassay was carried out to assess the impact of lethal and sublethal concentrations of azadirachtin on the performance of bumblebee microcolonies which included foraging behavior under laboratory conditions. This was performed following an adapted foraging behavior bioassay as described by Mommaerts et al. (2010) . Briefly, two artificial plastic nest boxes A and B (15 9 15 9 10 cm) were connected by a plastic tube (20 cm length and 2 cm of diameter). Five newly emerged workers were placed in box A where they received pollen placed in the box and sugar water via a container (500 mL) placed beneath the box. After eight days, when egg-laying started in box A, the sugar water was removed from box A and replaced underneath box B. The workers were then allowed to adopt this new situation for two days. Subsequently, plain sugar water in box B was replaced with treated sugar water.
Azadirachtin was diluted at 32, 3.2, 0.64, 0.32, 0.16 and 0.064 mg L -1 , corresponding to 1/1, 1/10, 1/50, 1/100, 1/200, 1/500 times of the MFRC. The exposure lasted 11 weeks. Plain sugar water was used as control treatment. Imidacloprid was used at 0.02 mg L -1 (Mommaerts et al. 2010) . Pollen was replaced twice a week to avoid unattractive reactions. Eight experimental units (connected boxes A and B with five workers) were used per treatment.
The mortality was assessed every two days and used to estimate survival curves. The sublethal effect on the reproduction was monitored on a weekly basis by counting the number of emerged drones. The body mass of the male progeny was also scored as a measure of sublethal effect. The male offspring was photographed in order to characterize morphology disturbances. The amount of consumed sugar water was followed by weighting the containers on a weekly basis as already described.
Male progeny survival and sperm length A laboratory bioassay was carried out to verify whether azadirachtin interferes with the survival and reproductive features of the adult male progeny exposed to the compound in earlier larval stages. For that purpose, microcolonies with five newly-emerged workers were setup as described in the chronic bioassay with microcolonies not including foraging behavior. Here, azadirachtin was used at 0.64, 0.32 and 0.064 mg L -1 , corresponding to 1/50, 1/100, 1/500 times of the MFRC. Plain sugar water was used as control treatment. Imidacloprid was used at 0.02 mg L -1 (Mommaerts et al. 2010) . Five microcolonies were used per treatment. When the male offspring started to emerge, the first fifteen new born drones were collected from each microcolony and individually placed in horizontally positioned Falcon tubes. Pollen and plain sugar water were provided to the drones as food source and replaced twice a week. The drones were kept in the tubes for two weeks and the mortality was recorded daily. Both microcolonies and Falcon tubes were maintained in a room under complete darkness at 30°C, and 60 % RH.
At the age of 14 days, fifteen drones of each treatment (three drones per microcolony) were taken from the Falcon tubes and prepared for dissection. The drones were dissected and the male accessory testis were opened in 200 lL of PBS and homogenized. An aliquot of 10 lL was dispensed onto a glass slide, air dried, fixed in ethanol 70 % at -20°C for 30 min and washed in PBS for 1 min. The sperm on the glass slides was photographed under light microscope coupled with a camera and 10 non-coiled spermatozoids of each collected drone were measured using the software Image Plus TM (www.mediacy.com/index.aspx?page=IPP; MediaCybernetics, Bethesda, MD).
Statistical analysis
The repellence data was subjected to probit analysis (PROC PROBIT) using SAS (SAS Institute, Cary, NC). The worker's and drone's survival data were subjected to survival analysis using the procedure Survival LogRank in SigmaPlot 12.0 (Systat, San Jose, CA). The survival curves were obtained by Kaplan-Meier estimators and all were pairwise compared using the Bonferroni method. The insects that survived until the end of the experiment or insects collected for ovarian comparison were treated as censored data (Allison 1998) . The median survival times (LT 50 ) were subjected to regression analysis considering azadirachtin concentration as the independent variable or pairwise compared using the 95 % confidential intervals when necessary. Logistic regression was carried out to the cumulative number of drones using the curve-fitting procedure from SigmaPlot 12.0. Model selection was based on parsimony, high F values (and mean squares), and steep increase in R 2 with model complexity. Insect body mass was also subjected either to analysis of variance or regression analysis in SAS. The assumptions of normality and homoscedasticity were checked before data analysis (PROC UNIVARIATE, SAS Institute).
Results
Repellence bioassay with individual workers
Nearly 83 % of repellence was scored with the highest concentration of azadirachtin tested (1600 mg L -1 ), while only 7 % was scored at the lowest concentration (32 mg L -1 ). Four out of five azadirachtin concentrations (160, 320, 640 and 1600 mg L -1 ) were suitably adjusted to the probit model (v 2 = 3.96, p = 0.14) (Fig. 1 ) which allowed to estimate the median repellence concentration (RC 50 ) as 504 mg L -1 (95 % fiducial limits = 417-606 mg L -1 ) (Fig. 1 ).
Chronic bioassay with microcolonies not including foraging behavior
Survival of bumblebee workers was significantly different among azadirachtin concentrations (Log-Rank test:
The survival curve of azadirachtin at 3.2 mg L -1 was similar to both control (p = 0.43) and imidacloprid at 0.02 mg L -1 (p = 0.15) curves. A strong effect was observed for insects exposed to azadirachtin at 320 mg L -1 with complete mortality (100 %) around 2 weeks (15 days) of exposure (Fig. 2a) . After 11 weeks of exposure, survival rates were below 30 % for insects exposed to azadirachtin concentrations between 6.4 and 320 mg L -1 . Survival rates were above 50 % only for insects exposed to the lowest concentration of azadirachtin (3.2 mg L -1 ), imidacloprid at 0.02 mg L -1
and control treatment (Fig. 2a) . In addition, a negative Lethal and sublethal effects of azadirachtin 133 relationship was observed between azadirachtin concentration and median survival time (LT 50 ) (Fig. 2b) . We also observed a negative effect of azadirachtin on bumblebee reproduction. No male offspring was produced in the microcolonies exposed to azadirachtin concentrations above 6.4 mg L -1 during the 11 weeks of assessment. Drone production was only observed in microcolonies exposed to the control treatment, imidacloprid at 0.02 mg L -1 and azadirachtin at 3.2 mg L -1 . However, the number of drones produced with imidacloprid at 0.02 mg L -1 (42.9 ± 4.7) and azadirachtin at 3.2 mg L -1 (2.2 ± 1.0) was lower than the control (58.6 ± 3.3). Azadirachtin at 3.2 mg L -1 also inhibited the appearance of the male progeny in 6 weeks (Fig. 3) . Azadirachtin at 3.2 mg L -1 reduced the body weight of the male progeny (0.17 g ± 0.01) when compared to the control (0.25 g ± 0.01) (p \ 0.001) (Fig. 4) .
As shown in Fig. 5 , the length of ovaries of the dominant workers decreased responding to the increase of the azadirachtin concentration and was 44.9 ± 0.9, 41.6 ± 0.0, 38.1 ± 2.1, 32.0 ± 0.3, 18.4 ± 0.1 and , respectively. Moreover, azadirachtin at 16, 32 and 64 mg L -1 strongly impaired the ovaries which resulted in the absence of oocytes (Fig. 5) .
The sugar water consumption by the bumblebee workers in the control group started with 1.85 ± 0.06 mL per worker and exhibited a peak of 3.21 ± 0.12 mL per worker at the 4th week after exposure, matching the peak in reproduction. In contrast, the consumption of sugar water solution contaminated with azadirachtin at 3.2 mg L -1 remained stable throughout the experiment (1.53 ± 0.08 mL per worker), while for higher azadirachtin concentrations (i.e., above 6.4 mg L -1 ) there was a steady decrease in consumption. Such decline was larger for azadirachtin concentrations of 16, 32 and 64 mg L -1 , which started with 1.44 ± 0.15 mL per worker and ended with 0.17 ± 0.09 mL per worker, thus reaching nearly 88 % of decrease throughout the weeks until the end of the experiment. For azadirachtin at 320 mg L -1 , the sugar water consumption was restricted to 0.36 ± 0.00 mL per worker at the first two weeks after exposure when workers were still alive.
Chronic bioassay with microcolonies including foraging behavior A significant impaired effect occurred on the survival when bumblebee workers were exposed to increasing concentrations of azadirachtin in the experiment exploring foraging behavior (Log-Rank test: v 2 = 411.447, d.f. = 7, p \ 0.001). At this time, the survival curve of azadirachtin at 3.2 mg L -1 was significantly lower (p \ 0.001) than the control curve but was similar (p = 0.09) to imidacloprid at 0.02 mg L -1 . The survival curves of azadirachtin concentrations between 0.064 and 0.64 mg L -1 were also similar (p [ 0.05) to the control treatment (Fig. 6a) . Estimates of median survival time (LT 50 ) were reached only for insects exposed to azadirachtin at 3.2 (75.0 days, 95 % CI = 70.0-80.1 days) and 32 mg L -1 (31.0 days, 95 % CI = 23.9-38.1 days) and were significantly different (p \ 0.05) (Fig. 6b) .
Sublethal effect on the bumblebee reproduction appeared as an absence or reduction in the number of the male progeny when microcolonies were exposed to even the lowest azadirachtin concentrations in the bioassay exploring foraging behavior. A Gaussian regression model was estimated in order to show the pattern of the male progeny production using azadirachtin concentration and time as the independent variables (F 4,556 = 1067.11, p \ 0.001) (Fig. 7a) . The number of drones produced varied slightly throughout the weeks for azadirachtin concentrations between 0.0 (control) to 0.32 mg L -1 (Fig. 7a) . At the concentration of 0.64 mg L -1 , the male progeny production throughout the weeks was lower than the control treatment (Fig. 7b) . For azadirachtin at 3.2 and 32 mg L -1 , no drone production was observed (Fig. 7a) ; also poorly developed broods with only few and incomplete sugar pots were observed in these concentrations (Fig. 7d) , which contrasts with the control nests (Fig. 7c) .
Body mass of the male progeny was also negatively affected by azadirachtin (F 3,36 = 27.49, p \ 0.001) (Fig. 8) . Imidacloprid at 0.02 mg L -1 also impaired the body mass of the male progeny compared to the control treatment (p \ 0.05) (Fig. 8) . Exposure to azadirachtin also caused deformities on the adult appendages as wings, legs, mouth parts and antennae of the drones (Fig. 9) . Eight deformed drones appeared over three concentrations of azadirachtin (0.064, 0.32 and 0.64 mg L -1 ). As shown in Fig. 9b , c, we observed incomplete wing development in which these appeared as the wing pads of the pupae or a constriction at the end of the wings, legs with undeveloped tarsi, head integument injuries, and deformed mouth parts and antennae. The sugar water consumption by the bumblebee workers started with 2.68 ± 0.03 mL per worker and exhibited a peak of 4.10 ± 0.13 mL per worker at the 4th week after exposure, matching the peak in reproduction, when the solution was uncontaminated or contaminated with azadirachtin at concentrations lower than 3.2 mg L -1 . In contrast, the consumption of sugar water solution contaminated with azadirachtin at 3.2 mg L -1 started with 2.58 ± 0.08 mL per worker and ended with 0.76 ± 0.19 mL per worker, thus reaching nearly 71 % of decrease throughout the weeks until the end of the experiment. For azadirachtin at 32 mg L -1 , the consumption of sugar water solution started with 2.00 ± 0.10 mL per worker but at the end of the experiment it was only 0.02 ± 0.00 mL per worker.
Male progeny survival and sperm length
Drones from microcolonies exposed to azadirachtin at 0.64 mg L -1 had their survival impaired compared to the control treatment (Log-Rank test: v 2 = 15.99, d.f. = 4, p = 0.003). No significant difference was found in the sperm length among the treatments (F 4,19 = 1.02, p = 0.43).
Discussion
Bumblebees are important pollinators of wild and cultivated plants around the world (Velthuis and van Doorn 2006) . As many bee species, bumblebees are in danger of poisoning by pesticides (Gels et al. 2002; Brittain and Potts 2011; Gill et al. 2012) . Azadirachtin is one of the most prominent biorational insecticides nowadays (Boeke et al. 2004 ) and has been considered safe for most beneficial insects (Isman 2006) . However, studies addressing the effects of azadirachtin on bees are scarce with focus on a single species namely, the honeybee Apis mellifera (Melathopoulos et al. 2000; Thompson et al. 2005) . Consequently, a research demand to generate information about risks of azadirachtin to native bee pollinators is needed. Here, at firsthand, a deep assessment was performed in order to reveal the potential impact of azadirachtin on the bumblebee B. terrestris. For that purpose, different laboratory bioassays were performed to test the properties of azadirachtin as repellent, IGR and sterilizing compound.
Our first experiment revealed that bumblebees were not very sensitive to the well-known repellent effect triggered by azadirachtin (Mordue (Luntz) and Nisbet 2000). Azadirachtin used at its MFRC (32 mg L -1 ) caused nearly 7 % of repellence in the bumblebees and the estimated median repellence concentration (RC 50 ) was about 16 times more than the MFRC. The RC 50 of the bumblebee workers was found in the same range to those reported for hymenopteran insects (about 100-500 ppm) and it was higher than those found to other insect orders (Mordue (Luntz) and Nisbet 2000). The repellence may be attributed to the ability of the taste receptors, located in the bumblebee's mouthparts, to recognize azadirachtin. This recognition triggered the primary antifeedant effect of azadirachtin which is also referred as the gustatory antifeedant effect (Mordue (Luntz) et al. 1998) . In this case, the stimulation of specific deterrent cells or blockage of the firing of sugar receptor cells in chemoreceptors stops the feeding behavior (Blaney et al. 1990; Simmonds et al. 1995) . Considering the MFRC of azadirachtin, the repellence results shown here have a significant relevance for oral exposure in bumblebees, since the gustatory antifeedant effect will probably not be triggered and, thereby, azadirachtin-contaminated food sources (i.e. pollen and nectar) may be collected and transferred to the bumblebee nests and become part of the larval diet. This has an implication for the brood development of bumblebees due to the IGR properties of azadirachtin and indeed, azadirachtin affected the bumblebee larval progeny according to our results. Although so far there is no evidence of translocation of azadirachtin to pollen or nectar when this compound is sprayed onto leaves (Naumann and Isman 1996) , it was shown that azadirachtin was able to translocate in plants when applied to the soil (Thoeming and Poehling 2006) . Therefore, it may be expected that this compound can also appear in pollen, nectar or sap guttation.
Azadirachtin also may cause a secondary antifeedant effect in insects which comprises a reduction of food intake and digestive efficiency (Mordue (Luntz) and Nisbet 2000). This secondary effect is called physiological antifeedancy because it is triggered by hormonal disturbances that . Untreated sugar water (control) is represented by a grey solid curve; imidacloprid at 0.02 mg L -1 is represented by a red solid curve. ET 50 represents the median effective time and vertical bars represent standard errors. c A well-constructed bumblebee nest from the control treatment with sugar pots and all immature phases of the male progeny. d A badlyconstructed bumblebee nest from the treatment with azadirachtin at 3.2 mg L -1 where only few sugar pots were constructed and no eggs were laid. Nests were photographed 7 weeks after the exposure (Color figure online) Lethal and sublethal effects of azadirachtin 137 suppress the gut peristalsis and/or the synthesis or release of digestive enzymes (Timmins and Reynolds 1992; Trumm and Dorn 2000) . The physiological antifeedancy is activated post-ingestion and therefore it is unlikely to have contributed to the repellent effect in bumblebee workers that tasted only a small amount of azadirachtin-treated sugar water (5 lL) in our previous repellence experiment. However, this secondary antifeedancy may have contributed for the other effects measured in this study. The survival of adult bumblebees was negatively correlated to the azadirachtin concentration in both experiments with and without foraging behavior. This change in the workers' survival profile can be explained by an exchange between the gustatory and physiological antifeedant effects of azadirachtin on insects. The gustatory antifeedancy immediately stops the utilization of the energy source (sugar water) because it blocks the food intake, while the physiological antifeedancy has a palliative impact reducing the food intake and/or uptake. Therefore, the fast decline of the survival in worker bumblebees exposed to high concentrations of azadirachtin may be due to the gustatory antifeedancy that blocked the food intake. Indeed, workers were more sensitive to the gustatory antifeedancy only in high concentrations as showed in the repellence test. Without sugar water, worker bumblebees cannot survive more than 2 days after starvation as we observed in a small extra experiment. However, individuals exposed to high concentrations of azadirachtin (for instance, 64 and 320 mg L -1 ) started to die nearly 10 days after exposure. This was probably because workers were able to feed on the untreated sugar water as stored in the nest pots before the exposure allowing them to survive more than 2 days. On the other hand, individuals that showed a prolonged survival when exposed to the other concentrations may have had a better use of the energy source because they were sensitive only to the secondary antifeedant effect of azadirachtin. Apart from the antifeedant effects, azadirachtin has a range of cytotoxic effects such as interference with cell division, vacuolization of the cytoplasm and breakdown of protein synthesis in a variety of insect tissues (Salehzadeh et al. 2002; Sayah 2002) , which may have contributed to impair the integrity of the workers' living body.
Sublethal effects, which are not less important than the lethality for the impairment of colonies, were also recorded on bumblebees. The impact on reproduction, for instance, was quite severe when microcolonies were chronically exposed to azadirachtin. First, azadirachtin was able to reduce or completely block the production of drones depending on the concentration used. Azadirachtin has sterilizing activity among different insect species (Sayah et al. 1998; Arno and Gabarra 2011) . This effect is generally attributed to disturbances in the synthesis or release of hormones or neurohormones involved in the insect reproduction Barnby and Klocke 1990) . In bumblebees, as well as in distinct insect species, juvenile hormone (JH) and ecdysteroids are the main hormones linked to the behavioral and physiological aspects of the reproduction (Bloch et al. 2000a; 2000b) . Such hormonal disturbances caused by azadirachtin are in general linked to damages on ovarian development or related processes (Sayah et al. 1996; Lucantoni et al. 2006) . These impairments include blockage of oogenesis, disruption of vitellogenesis and vitelline envelope formation, degeneration of follicle cells and breakdown of yolk protein production (Sayah et al. 1996 (Sayah et al. , 1998 .
As perceived even with a crude visual analysis, azadirachtin impaired the oogenesis of the bumblebee ovaries and the severity of the effects depended on the concentration used. However, since azadirachtin has antifeedant effects against insects, the impact on ovarian development and consequently reproduction may be additionally attributed to a low food intake or uptake. In our experiments, for instance the consumption of sugar water per worker decreased nearly 90 % throughout the weeks with azadirachtin at 16, 32 and 64 mg L -1 , where not only egg-laying was blocked but also no oocyte was observed in the ovaries. At the concentrations of 3.2 and 6.4 mg L -1 , azadirachtin only slightly affected the ovarian length and the consumption of sugar water per worker remained constant throughout the weeks. Therefore, these effects on ovaries indicate that the antifeedant effect possibly also contributed to the increased severity of the impairment caused by azadirachtin on bumblebee reproduction. It is worth to mention that the support, given by the subordinate workers to the dominant worker in order to reproduce, became much lower as the survival was impaired over time by azadirachtin. The reduced number of workers impaired the construction of the nest and in turn this may affect the egg-laying of the dominant worker. However, in our experiments the egg-laying was immediately blocked after the oral exposure to concentrations of azadirachtin above of 3.2 mg L -1 ; this indicates that the impairment on reproduction was mainly due to physiological effects trigged by azadirachtin on the dominant worker, but not due to the lack of subordinated workers to support them.
We observed that egg-laying was restored in the treatment with azadirachtin at 3.2 mg L -1 in the laboratory experiment without foraging behavior. At this concentration, larvae were also able to complete their development and drones emerged. In this case, the recovery of reproduction measured as male progeny production, is probably related to the degradation of azadirachtin through time, which may have reduced poisoning allowing egg-laying and ensuring survival of the dominant workers and larvae, respectively. Azadirachtin kept into aqueous solutions and under low ultra-violet (UV) condition shows much less degradation when compared with dry surfaces and under high UV condition (Thompson et al. 2002; Kumar and Poehling 2006) . This probably contributed to the delay in 6 weeks of the egg-laying of the dominant worker exposed to azadirachtin at 3.2 mg L -1 in the laboratory bioassay without foraging behavior. Second, reproduction probably was also restored due to the production of detoxifying enzymes and/or excretion of the compound allowing the recovery of the impaired physiological systems associated with the oviposition.
Sublethal effects of azadirachtin were also expressed as a reduction in the body mass of the adult male offspring. This is probably because the progeny underwent the physiological antifeedant effect of azadirachtin during its larval stages. Therefore, treated larvae may have eaten less than larvae from the control. In insects, bad nutrition, starvation, or restriction of food during larval stages may force pupation before the achievement of an ideal speciesspecific weight given rise to smaller adult individuals (Munyiri et al. 2003; Chen and Ruberson 2008) . For imidacloprid, we believe that reduction of body mass of male progeny was due to impairment of the foraging behavior. This was because imidacloprid reduced the weight of the drones only in the chronic bioassay including foraging behavior. Impact on foraging probably led to an indirect effect in the care of the offspring because the collection of food was reduced and consequently the supplying to the larvae. Imidacloprid is a well-known neonicotinoid insecticide that acts as agonist of nicotinic acetylcholine receptors (nAChR) leading to hyperexcitation of neurons (Cassida and Quistad 2004; Jeschke and Nauen 2008) . Due to its neurotoxic character, imidacloprid may impair learning, memory and foraging behavior of bee species (Decourtye et al. 2004; Yang et al. 2008) . Thus, the impact on the drone body mass could only be observed in the laboratory experiment that included the possibility to perform foraging behavior. For many insects body mass or size of males may interfere with the mating dynamics, sexual selection, reproductive potential and/or progeny production (Zanuncio et al. 2002; Schluns et al. 2003 ; . DHW deformed hindwing, DFW deformed forewing, HII head integument injury, DMP deformed mouth parts, DA deformed antenna, DT deformed tarsus, NW normal wings Lethal and sublethal effects of azadirachtin 139 Amin et al. 2012) . Therefore, measures on body mass or size in the male progeny of bumblebees become an important sublethal effect. As expected, azadirachtin induced deformities on the adult male progeny which appeared mainly on wings, but also on legs and antennae. These effects are clearly related to defective metamorphosis which may be a result of disturbances of ecdysteroids or JH titers (Lowery et al. 1996; Nathan et al. 2007 ). Similar deformities caused by azadirachtin on wings and legs were also reported in Nilaparvata lugens (Homoptera: Delphacidae) (Nathan et al. 2007 ). Therefore, we recommend that future research should investigate the relevance of these sublethal effects under more field related conditions.
Putting the data together from both chronic toxicity bioassays with and without foraging behavior, we can infer that the inclusion of foraging behavior in the experimental setup increases the overall lethal and sublethal effects of the compound tested. For instance, the survival of bumblebee workers was lower with azadirachtin at 3.2 mg L -1 and imidacloprid at 0.02 mg L -1 when foraging behavior was included in the setup. In addition, egg-laying was completely blocked during 11 weeks of exposure to azadirachtin at 3.2 mg L -1 when foraging behavior was included in the setup. For imidacloprid, the body mass of the male progeny was impaired only when foraging was included in the setup. With the same laboratory behavioral setup for chronic toxicity, Mommaerts et al. (2010) also found that the impairment by imidacloprid on lethal and sublethal traits was higher when foraging behavior was included. Therefore, the results as shown here reinforce the need to increase the complexity of the experimental setup with foraging behavior in order to ensure better outcomes in studies of risk assessment in B. terrestris what is also in accordance with the new guidance document of the European Food Safety Authority (European Food Safety Authority 2012). It is constantly stated in the literature that azadirachtin is safe for beneficial arthropods (Boeke et al. 2004 ), although our results have shown that the compound may affect B. terrestris with a range of sublethal effects. Sublethal effects are as important as lethal effect for the development and survival of the colonies. Here it should be remarked that, although the effects of this study were found under laboratory conditions with long-term chronic exposure which are unexpected under semi-field or field conditions with the low residual potential persistence of azadirachtin in these situations (Kumar and Poehling 2006, Kovacova et al. 2013) , Africanized honeybees (A. mellifera) have been found to undergo lethal and sublethal effects on adult and larval individuals in their colonies when the foragers start to pollinate the Indian neem tree (A. indica), the plant from which azadirachtin is obtained (Alves 2010) . The latter findings may indicate that the effects as observed upon chronic exposure to azadirachtin are conserved among bee pollinators and thus should not be neglected. For a better understanding of the effects by azadirachtin and/or any 'potentially deleterious' compound, we suggest that future semi-field and field studies should be performed considering situations that may include acute and chronic exposure in the risk assessment setup.
